Arabidopsis is universally acknowledged as the model for dicotyledonous crop plants. Furthermore, some of the information gleaned from this small plant can be used to aid work on monocotyledonous crops. Here we provide an overview of the current state of knowledge and resources for the study of this important model plant, with comments on future prospects in the field from Professor Pamela Green and Dr Sean May.
Background
Arabidopsis thaliana was discovered by Johannes Thal (hence the name thaliana) in the Harz mountains in the sixteenth century. Originally, he called it Pilosella siliquosa, but several name changes have occurred since then. This plant, commonly known as thale cress, was chosen as a model for scientific research due to the ease with which it can be cultivated (many of these small cress plants can be grown in a small area), its rapid life cycle and high production of seeds. Another feature of this model plant, and a crucial reason in the decision to sequence its genome, was its small genome size, when compared to other plants (Table 1) . As a Brassica, it is related to oilseed rape (Brassica napus) and Brassica oleracea, the parent plant from which many years of selective breeding by humans has produced such crops as sprouts, cabbage and cauliflower.
Tools for study
Reverse genetic methods for gene knockout in Arabidopsis include various transposon insertion systems (such as those based upon the maize Ds element) and the Agrobacterium tumefaciens transferred DNA (T-DNA). A range of herbicide resistance markers is available, including Basta, and antibiotic resistance markers for kanamycin, hygromycin and streptomycin are also used. The bglucuronidase (GUS) reporter gene (or uidA gene) has been used to study tissue specific expression patterns in plants since 1987 and is still widely used today. When a promoter-less copy is teamed with the insertion systems, it can be used for promoter or enhancer trap experiments. A T-DNA that contains multimerised transcriptional enhancers can be used to provide over expression (activation) mutants (Weigel et al., 2000) . Another T-DNAbased system allows genes neighbouring the insertion Comparative and Functional Genomics Comp Funct Genom 2001; 2: 91-98. DOI: 10.1002/cfg.75 to be expressed under the control of a heat shock promoter (Matsuhara et al., 2000) . Many thousands of Arabidopsis lines carrying various types of insertions are publicly available from the two recognised stock centres (see Web-based resources).
An alternative approach for repression of gene expression in Arabidopsis is the use of antisense expression systems. Sense and antisense silencing approaches have produced somewhat unpredictable results, but recent studies have shown that expression of both sense and antisense RNA together (thus forming double stranded RNA) shows consistent and complete suppression of endogenous genes (Chuang and Meyerowitz, 2000; Levin et al., 2000) . Another system, that has been shown to work in a wide variety of plants, is virus induced gene silencing (sometimes referred to as VIGS) in which potato virus X constructs containing transgenes (termed amplicons) have been shown to activate post-transcriptional gene silencing (PTGS) either of stably integrated transgenes or endogenous genes (Dalmay et al., 2000) . Work has also been published on a targeted deletion system based upon homologous recombination (Kempin et al., 1997) , this is certainly a technique which will be popular in the community if it can be developed to the point at which it has a reasonable efficiency.
Random mutagenesis with ethyl methanesulphonate (EMS) has long been used for forward genetics, but can now be applied to reverse genetics using a new strategy called TILLING (McCallum et al., 2000) . Here, the EMS mutagenesis is followed by denaturing high-performance liquid chromatography (DHPLC), to detect base pair changes by heteroduplex analysis, which has been shown to work well in Arabidopsis and is fast and automatable.
It has been shown that the Cre-Lox system can be used in tobacco to make precise, single insertions, for example of a GUS reporter gene, into lox sites which have previously been introduced into the genome (Day et al., 2000) . There may however be problems with the use of the system to insert transgenes, since only half of the insertions analysed in the study showed correct spacial expression of the transgene. Use of this system in Arabidopsis with T-DNA vectors containing single lox sites resulted only in a very low frequency of correct insertions and more commonly in chromosomal rearrangements (Vergunst et al., 2000) , although it has been used successfully in a mosaic strategy to analyse the role of a flower developmental gene (Sieburth et al., 1998) . It is more common though for fate mapping experiments to use transposon excision or X-ray induced chlorophyll sectors.
The completion of the genome sequence of Arabidopsis has provided a huge impetus for functional genomics projects. The Arabidopsis Functional Genomics Consortium (AFGC, see Web-based Resources) is already providing tools for two approaches towards understanding Arabidopsis gene function, a microarray expression analysis service and a service for the identification of T-DNA gene knockout lines. The microarray service is already yielding impressive results (Schaffer et al., 2001) . GARNet, the Genomic Arabidopsis Resource Network (see Web-based Resources), is a UK initiative for Arabidopsis functional genomics, including groups working on Proteomics, Metabolic Profiling, Mutagenesis, Microarrays, Clone Resources and Bioinformatics.
In September 2000, the formation of two EU funded consortia (consisting of researchers working in 10 EU member states) was announced. The EXOn Trapping Insert Consortium (EXOTIC) aims to study the expression patterns of y5000 Arabidopsis genes. The REgulatory Gene Initiative in Arabidopsis (REGIA) will investigate the function of almost the entire complement of Arabidopsis transcription factors. They aim to identify when they are active, which genes they control and what regulatory networks exist between them. The 2010 project is a new US National Science Foundation (NSF) program aimed at determining the function of all Arabidopsis genes by the year 2010. The program calls for funding applications for projects aimed at discovering the functions of networks of genes, or at the development of research tools that In proteomics, an approach has been developed which uses Arabidopsis callus culture to generate a source of sufficient quantities of organelles to allow for proteomic analysis of mitochondria, endoplasmic reticulum, golgi and plasma membrane (Prime et al., 2000) . This will expand the knowledge of organelle composition and protein trafficking in Arabidopsis, by determining the subcellular localisation a large number or proteins. A further proteomic study focussing on Arabidopsis plasma membrane proteins has shown that they can be grouped into distinct subtypes according to their solubility and electrophoretic properties, which may give clues as to the function of some of these proteins (Santoni et al., 2000) .
Metabolic profiling techniques have already been applied to Arabidopsis, one obvious driver for this being that plant metabolites are of huge interest to the pharmaceuticals industry. A gas chromatography/mass spectrometry (GC/MS) approach has been used to identify 326 distinct compounds from A. thaliana leaf extracts (Fiehn et al., 2000) . This study also showed that the metabolic profiles of two Arabidopsis ecotypes were different, and that they were more divergent from each other than were single gene mutants of either ecotype from their parent, which supports the idea that this technique can be used for functional genomics studies.
Current status of genome knowledge
The genome of Arabidopsis has been sequenced and was published at the end of last year by a large consortium of laboratories organised into six sequencing groups and a genome analysis group (The Arabidopsis Genome Initiative 2000). Arabidopsis has five chromosomes, which are all between 17 and 29 Mb in size, giving a genome of y125 Mb. The sequence covers 115.4 Mb of the genome (only the centromeres and rDNA repeats remain unsequenced). The chromosomes have been shown to all be very similar in terms of base composition (%GC) and gene density. The genome is predicted to contain 25 498 genes. The average Arabidopsis gene is y2 kb long, with five exons, and the average length of peptide encoded is y430 amino acids. The functions of y69% of the genes have been predicted based upon homology to genes in other organisms which are of known function, the remaining y30% are of unknown function. Only 9% of the genes had been characterised experimentally. In contrast to those genes involved in protein synthesis, 48-60% of which have eukaryotic homologues, the genes involved in transcription are more divergent from those of other eukaryotes, with only 18-23% having homologues in S. cerevisiae, C. elegans, Drosophila and human. The metabolism and energy functional categories show quite a high proportion of genes with bacterial homologues. This will partly be due to the high conservation of some of these genes across all species, but others will have been acquired from the ancestor of the plastid (chloroplast).
The proteins can be grouped into 11 601 protein families, a similar number to those observed for C. elegans and Drosophila. This indicates that this is a sufficient number of protein types to support a variety of multicellular eukaryotic lifestyles. However, a substantially lower proportion of proteins (35%) are unique, and a larger proportion of proteins are in families with five or more members than in C. elegans or Drosophila, reflecting the marked redundancy in this genome. It should be noted however that this does not necessarily correlate with functional redundancy of these genes. Analysis for conserved protein domains revealed that around 150 of the protein families appear to be unique to plants, several of which are transcription factors.
Analyses of the whole genome sequence revealed 1528 tandem arrays of genes, with 17% of Arabidopsis genes being found in tandem arrays. Several large regions (100 kb or larger) of duplication were found, these account for 60% of the genome. Many of these duplicated regions have often undergone further small-scale rearrangements, evidenced by local gene order changes. The majority of the segments are found in two copies, implying that Arabidopsis could have had a tetraploid ancestor. Polyploidy is common in plant lineages, and is thought to be a key factor in plant evolution. However, the level of conservation of the duplicated segments varies, which could imply that several large duplications occurred independently, rather than one whole genome duplication.
Whilst there is a growing current of opinion that the Arabidopsis genome does not share enough synteny with cereal genomes to allow for comparative mapping, it is possible to identify cereal homologues of some Arabidopsis genes where functional
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information can be successfully transferred. There are already important examples, such as the Arabidopsis gibberellin insensitive gene (GAI), which was shown to be the homologue of reduced height (dwarf) loci in wheat, maize and rice (Peng et al., 1999) . Recent studies comparing sequence from a BAC clone from tomato (Ku et al., 2000) , and chosen sequence segments from three soybean linkage groups (Grant et al., 2000) , to the nearcomplete genome sequence of Arabidopsis have shown that there is significant synteny between these species and Arabidopsis, indicating that, for these more closely related species, it will be possible to use comparative mapping with Arabidopsis. Both studies also indicate that large-scale genome duplication events, or perhaps even a whole genome duplication event, have occurred during the evolution of the Arabidopsis genome.
Future aims
Professor Pamela Green is at the Plant Research Laboratory of Michigan State University, she is the PI of the AFGC (see Web-based Resources). Her group studies regulation of gene expression in Arabidopsis at the level of mRNA degradation. She expressed enthusiasm that the completion of the Arabidopsis genome sequence will greatly enhance our ability to address gene function in plants. She points out that the Arabidopsis community now know how many genes are in gene families, which genes from other organisms are absent or present, and are gaining insight as to how the genome evolved from the study of natural variation. Numerous new putative genes have been identified on the basis of their predicted open reading frames. Some of the direct advantages that she can see coming from this knowledge are that it will enhance the ability to design more comprehensive DNA microarrays and gene chips for gene expression profiling, and more comprehensive gene knock out strategies. Her view is that, for the power of expression profiling to be realized (such as for the identification of regulatory networks), the data must be publicly available, ideally though a common repository such as TAIR (see Web-based Resources).
As the efforts to determine the flanking sequences of T-DNA insertional mutations are scaled up, she sees the current annotation of the sequence becoming an invaluable tool to pinpoint those genes that have been disrupted. However, her feeling is that the whole Arabidopsis community must contribute to the future development and enhancement of these resources. For this, Prof. Green sees a need for large and small-scale investigations to contribute to updating and enhancing the annotation. One important step in this will be to identify fulllength cDNAs to accurately delineate the transcribed regions, which are often difficult to predict precisely using computational tools. She further notes that genes such as novel non-coding RNA genes or genes encoding small peptides may have been largely missed because of their small size and lack of a long ORF. Nevertheless, as the community strives to develop strategies to meet these and other exciting challenges, she knows that many share her sentiment that it's never been more fun to work with Arabidopsis.
Dr Sean May is Director of the Nottingham Arabidopsis Stock Centre (NASC), PI of the Arabidopsis Genome Resource (AGR) for UKCropNet and an active member of GARNet (see Web-based resources). In his view, the publication of the full sequence of Arabidopsis has permanently changed how almost every aspect of biological research on Arabidopsis (and indeed many other plants) will be done. It is now possible to fix the position of any unambiguous gene sequence onto the genome map and as a consequence, he feels that gene discovery is now arguably the province of bioinformatics, rather than that of the molecular biologist. He pointed out that the community now appreciate how many genes (and gene families) it takes to make a fully functioning plant. The large number of gene duplications (more than most people expected) suggests that Arabidopsis may not be quite the 'minimal' plant that was originally anticipated, but he suggests that this may just make it a better model with regard to gene redundancy and mechanisms for allele suppression. He appreciates the value of comparing the public and private Arabidopsis sequences, which has given access to every single phenotypic difference between Columbia and Landsberg at a genetic level.
For the first time, sequences derived from insert flanking regions (transposon or otherwise) can be unambiguously positioned onto the genome and directly correlated with an observed or derived phenotype. At the stock centre, he expects to see a large proportion of the nearly 200 000 unannotated
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Featured Organism insert lines now available being precisely located in defined genes. In 2-3 years he anticipates having a homozygous or heterozygous insert mutant for almost every single gene in Arabidopsis. He also commented that the UKCropNet resource, AGR, holds the entire Arabidopsis Genome Initiative sequence linked by BLAST analysis to all other plant ESTs and all public Arabidopsis insert flanking sequences. Arabidopsis is already the acknowledged model for dicotyledonous crop species, so this resource will allow researchers to find insert 'knockouts' in Arabidopsis genes that match their favourite crop genes. In addition, he sees the entire genome sequence facilitating the identification of gene control elements. These could be clustered for similarity and cloned en mass for expression analysis or for ectopic transgene expression. He feels that gene analysis no longer needs to be driven by obvious phenotypes or blind mutational analysis. Given appropriate annotation, and using PCR primers derived from the sequence, it will shortly be possible to make a complete Arabidopsis transcriptome microarray. Such resources will provide a simultaneous and unbiased assessment of thousands of identified genes, changing the focus of experiments towards the analysis of patterns of genes and the interactions between these genes. The days of the 'one gene at a time' style of analysis may be numbered once the complexity of gene interactions is made easily accessible to the community.
Possible candidate genes for quantitative traits (QTLs) should also be easier to infer on the full sequence, he thinks. In order to pinpoint the correct contributory locus for a QTL, he suggests that genes could even be complemented with 'Binary vector BACs' chosen from a defined region on the genome.
In conclusion, he said, ''We are all involved in doing the 25,000-gene-piece Arabidopsis jigsaw. We have now done the edge and bits of the sky, but the rest seems to be just a matter of slotting the pieces into the only places where they fit and then standing back to look at the big picture''.
Web-based resources

General Information and Links
The Arabidopsis Information Resource (TAIR) http://www.arabidopsis.org/home.html This site has general information, databases and tools for Arabidopsis researchers (see also : Huala et al., 2001) . It also provides access to the SNPs and InDels identified by workers at Cereon by comparing their Landsberg erecta ecotype data with the public project Columbia ecotype data, at: http://www.arabidopsis.org/ Cereon/index.html Arabidopsis Links (Arabinet) http://weeds.mgh.harvard.edu/atlinks.html This site provides a categorised list of Arabidopsis links, with brief descriptions of each site.
Lehle Seeds home page http://www.arabidopsis.com/ This site reports a wide range of Arabidopsis news items, and lists relevant conferences, publications, laboratories and patents. The site also provides access to the Lehle Seeds Arabidopsis catalogue and the rest of their site.
Databases
MIPS Arabidopsis thaliana database (MATDB) http://websvr.mips.biochem.mpg.de/proj/thal/ This database contains all the data produced by the AGI. It has lists of features found in the genome, functional catalogues for each chromosome, protein structure information, some comparative genomics data, and maps and other graphical representations of the chromosomes.
The TIGR Arabidopsis thaliana Database http://www.tigr.org/tdb/at/at.html This site is home to the A. thaliana annotation database, which, when complete, will hold all the AGI data, annotated to a uniform standard. There is also a Landsberg erecta random sequence database, which will be used to detect SNPs and InDels, and the A. thaliana gene index (AtGI), which contains all publicly available A. thaliana EST and transcript entries and any contigs that can be built from them.
Cold Spring Harbor Labs Arabidopsis Sequencing http://nucleus.cshl.org/protarab/ This site provides access to the sequence data generated at CSHL. There is also a database of repeated sequences found in the Arabidopsis genome, a gene name search tool and information on their annotation tools and strategy. 
Functional Genomics Projects
Arabidopsis Functional Genomics Consortium (AGFC) http://afgc.stanford.edu/ This project is providing a microarray expression analysis service and a resource of T-DNA gene knockout lines. The Stanford site provides access to information on the microarray project and guides, protocols and instructions for applying to use the service. The site also supports a mailing list for the discussion of microarray technologies and their applications in plant biology (http://genome-www.stanford.edu/email/plantarrays.html). The knockout facility page (http://www.biotech.wisc.edu/ Arabidopsis/) is hosted by the University of Wisconsin. All the information required to use the service to identify a mutant of interest from their collection can be found there. 
Featured Organism
Comparative and Functional Genomics is a cross-organism journal, publishing studies on complex and model organisms. The 'Featured Organism Article' aims to present an overview of an organism, primarily for those working on other systems. It provides background information on the organism itself and on genomics studies currently in progress, it also gives a list of web sites containing further information and a summary of the status of the study of the genome. These sections are a personal critical analysis of the current studies of the particular organism. The 'Future Aims' section is intended to be of interest to readers who work on the chosen organism and those who study other systems, and the opinions expressed therein are those of the named contributors. Many thanks to Professor Ottoline Leyser (Section Editor -Arabidopsis) for her critical appraisal of this article and to Professor Pam Green and Dr Sean May for sharing their thoughts on the future of Arabidopsis genomics research with me.
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